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^ . Abstract 

I , We study the implications for electroweak baryogenesis (EWB) within the minimal supersymmetric 
Ph, 

D . Standard Model (MSSM) of present and future searches for the permanent electric dipole moment 



(EDM) of the electron, for neutralino dark matter, and for supersymmetric particles at high energy 
colliders. We show that there exist regions of the MSSM parameter space that are consistent with both 



H ' present two-loop EDM limits and the relic density and that allow for successful EWB through resonant 
chargino and neutralino processes at the electroweak phase transition. We also show that under certain 
conditions the lightest neutralino may be simultaneously responsible for both the baryon asymmetry 
and the dark matter. We give present constraints on chargino/neutralino-induced EWB implied by the 
flux of energetic neutrinos from the Sun, the prospective constraints from future neutrino telescopes 
and ton-sized direct detection experiments, and the possible signatures at the Large Hadron Collider 
and International Linear Collider. 
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1 Introduction 

Despite the considerable successes of the Standard Model (SM) of particle physics in describing a 
wide array of experimental observations, various pieces of evidence - ranging from neutrino masses 
and mixing to the abundance of baryonic and non-baryonic dark matter (DM) in the universe - 
point to physics beyond the SM. One of the most widely explored scenarios for new physics is the 
supersymmetric extension of the Standard Model. While the minimal formulation - known as the 
MSSM - does not address the question of neutrino mass, it may resolve a number of other SM puzzles 
by providing for gauge coupling unification, the stability of the electroweak scale against large radiative 
corrections, the existence of a natural DM candidate (the lightest neutralino), and a mechanism 
for producing the observed baryon asymmetry of the universe (BAU) during the electroweak phase 
transition. These potential remedies for SM shortcomings outweigh the costs involved in introducing 
supersymmetry, including the spectrum of as-yet unobserved superpartners of SM particles and the 
large number of a priori unknown parameters present even within the minimal model. Up-coming 
measurements at the Large Hadron Collider may discover the superpartners and - together with 
precision electroweak measurements at both low-energies and the International Linear Collider - may 
provide detailed information about the corresponding masses, mixing angles, and other parameters in 
the theory. 



1 



While many aspects of the MSSM have been exhaustively scrutinized, there has been recent, 
renewed interest in the CP-violating sector of the model. In particular, new searches for the permanent 
electric dipole moments (EDMs) of the electron, neutron, neutral atoms, and possibly the muon as 
well as deuteron ion, aim to improve the sensitivity beyond present experimental limits by up to 
four (or more) orders of magnitude (for recent reviews, see Refs. [1,2]). It is widely believed that if 
new CP-violating interactions at the electroweak scale are responsible for generating the BAU, then 
these new EDM searches would yield non-zero results. Present EDM limits already constrain the 
CP-violating phases in the MSSM to be quite small for slepton and squark masses ^ 1 TeV, thereby 
tightly constraining (but not ruling out) the viability of MSSM electroweak baryogenesis (EWB). If 
nature is at least minimally supersymmetric, the future EDM measurements should either discover 
CP-violation at a level needed for successful EWB or rule it out altogether. 

At the same time, a new generation of DM searches will have similarly significant implications for 
the viability of supersymmetric dark matter. Existing underground cryogenic detectors have already 
started to probe the spin-independent neutralino-proton scattering cross section for an increasingly 
large portion of the supersymmetric parameter space [3]; the upgrade of existing ("Stage 2") facilities 
(CDMS2 [4], Edelweiss2 [5], CRESST2 [6], ZEPLIN2 [7]), and the forthcoming planned "Stage 3" ton- 
size detectors (XENON [8], GERDA [9], ZEPLIN4 [10] and WARP [11]) will eventually be sensitive 
to a wide array of supersymmetric dark matter models starting near the end of the decade. Further, 
neutralino annihilations in the core of the Sun, producing high-energy neutrino fluxes, will poten- 
tially give rise to signals large enough to overcome the atmospheric neutrino background in neutrino 
telescopes such as Antares [12] or IceCube [13], both currently in the deployment stage. 

Theoretically, recent work suggest that - apart from the CP-violating phases - most MSSM param- 
eters relevant for EWB are related to those that govern the properties of neutralinos and charginos. 
Thus, DM phenomenology can have important implications for the viability of MSSM EWB. In par- 
ticular, the need for a strong first order phase transition to prevent washout of baryon number - 
coupled with the restrictions from precision electroweak measurements - indicate that the interac- 
tions of higgsinos and gauginos with the spacetime varying Higgs vacuum expectations values (vevs), 
rather than those involving scalar quarks and leptons, drive MSSM baryogenesis. Moreover, the effect 
of these interactions may become resonantly enhanced when one or other of the soft gaugino mass 
parameters, Mi^2 become comparable to the supersymmetric mass parameter n [14,15]. Under these 
conditions, MSSM EWB can be effective with the relatively small CP-violating phases that are re- 
quired by one-loop EDM constraints for light sleptons. At the same time, the near degeneracy of these 
mass parameters leads to a large degree of higgsino-gaugino mixing, a configuration yielding typically 
sizable DM direct and indirect detection rates. As the sensitivity of both DM and EDM searches 
improves, the results from both classes of experiments will substantially strengthen the constraints on 
MSSM EWB. 
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In this paper, we analyze the present and prospective impUcations of EDM and DM searches for 
baryogenesis in the MSSM. Our work is similar in spirit to the recent studies of Refs. [16, 17], but we 
make several observations beyond those contained in these analyses. In particular: 

i) From present experimental limits on the electric dipole moment of the electron, (ig, and one- 
loop calculations, we find that resonant, MSSM EWB is viable for sufficiently heavy sleptons. 
Moreover, there exists a range of slepton masses, m^, for which one-loop contributions domi- 
nate de but do not rule out resonant EWB. We determine the scale of for which two- loop 
contributions become comparable to one-loop effects. We find that two-loop effects already give 
important constraints on resonant MSSM EWB, especially with large CP violating phases and a 
light Higgs sector [18]; moreover, the anticipated level of the two-loop contributions within this 
scenario is predicted to fall well within the planned future experimental sensitivity on de [19]. 

ii) When /i is comparable to the U{1)y gaugino mass parameter Mi, resonant EWB in the MSSM 
can occur solely via interactions in the neutralino sector, whereas the authors of Refs. [16, 17] con- 
centrated on chargino-driven EWB. For this neutralino-driven EWB situation, the requirements 
of neutralino relic abundance and constraints from DM searches place additional constraints on 
resonant MSSM EWB. 

iii) Consistency between the DM relic abundance - inferred from a wide array of cosmological 
and astrophysical data [20] - and neutralino-driven EWB implies a need for non-thermal DM 
production or cosmological enhancement mechanisms, whereas chargino-driven EWB can be 
consistent with thermal relic abundance considerations under some scenarios for SUSY-breaking 
mediation. 

iv) The absence of energetic solar neutrinos in data collected by SuperKamiokande places additional 
constraints on neutralino-driven EWB. Forthcoming km'^-sized neutrino telescope and ton-sized 
direct DM detection experiments will probe most of the parameter space associated with both 
neutralino- and chargino-driven MSSM EWB. While the relic abundance requirements were 
studied for chargino-driven EWB in Refs. [16, 17], we provide a comprehensive study of both 
relic abundance and DM detection implications for MSSM EWB. Moreover, we consider the 
phenomenology of both minimal supergravity (mSUGRA) as well as anomaly-mediated SUSY 
breaking (AMSB) scenarios, whereas the authors of Ref. [16, 17] concentrated on the mSUGRA 
case. 

v) We give a comprehensive review of the prospects for the discovery of MSSM EWB at colliders, 
including the Tevatron, the Large Hadronic Collider (LHC) and a future International Linear 
Collider (ILC), outlining the regions, compatible with the generation of the BAU and with dark 
matter, which will fall within the anticipated sensitivity of the various accelerator facilities. 
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In the reminder of the paper we explore the resonant MSSM EWB scenario (Sec. ISJ, outhning 
the viable portions of the parameter space (Sec. 12. and studying the wide array of resulting phe- 
nomenological consequences. In particular, we consider the implications of EDM searches fSec. 12.2)) . 
the DM relic abundance (Sec. 13. current constraints and future prospects for direct and indirect 
DM detection fSec. 13.2]) . and the role of collider searches for supersymmetric particles (Sec. ESI- 

2 Baryogenesis and Electric Dipole Moments in the MSSM 

In principle, the SM itself contains all the ingredients necessary for the generation of a BAU, given by 
the well known Sakharov requirements [21]. It was demonstrated long ago, however, that the resulting 
SM BAU is several orders of magnitude smaller than the observed value [22]. While the gauge sector 
of the SM provides the necessary baryon number violation via SU(2)i sphaleron processes, it does not 
allow for a strong first order EW phase transition (EWPT) as required to prevent washout of sphaleron- 
induced baryon number production [23], nor does it give rise to sufficiently large CP-violating effects 
needed to generate an imbalance of chiral charges that drive the sphaleron transitions. In the case of 
the EW phase transition, one must satisfy the condition v{Tc)/Tc > 1, where v is the Higgs vev at 
the critical transition temperature, Tc- In the SM, the LEP II lower bound on the Higgs boson mass, 
m/i ^ 114 GeV [24] prevents this condition from being satisfied. Similarly, CP-violating processes in 
SM baryogenesis are highly suppressed by both the Jarlskog invariant and powers of the quark Yukawa 
couplings. 

The MSSM addresses both of these shortcomings. Specifically, loop-induced contributions to the 
MSSM Higgs potential from the third generation scalar quarks that have large Yukawa couplings 
and carry six degrees of freedom lead to a strong first order EWPT for values of the lightest Higgs 
mass greater than the LEP II lower bound as long as one of the top squarks is lighter than the top 
quark [25,26] (non-perturbative analyses also confirm this picture [27]). As a corollary, one obtains 
an indirect upper bound on the mass of the lightest supersymmetric particle (LSP) - assumed in this 
work to be the lightest neutralino, hereafter indicated as x- "^x ~ other hand, the MSSM 

EWPT becomes too weakly first order for m/j ^ 120 GeV, leaving a rather small window for viable 
EWB (for recent studies of these considerations, see e.g., Refs. [14,26,28-30].) It is important to note, 
however, that extensions of the MSSM with an enlarged Higgs sector or additional U(l) symmetries 
can relax these requirements on the Higgs and top squark masses, thereby opening a larger window 
for a strong first order EWPT and allowing for a more massive x [31]- 

The effects of CP- violation enter as source terms in the quantum transport equations that govern 
the production of chiral charge at the phase boundary. Chiral charge production depends on a detailed 
competition between CP-odd particle- antiparticle decay and scattering asymmetries, CP-conserving 
charge relaxation processes as favored by free energy minimization, and transfer of number density 
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from one species to another through various reaction mechanisms. To illustrate, we consider the 
transport equation for combined Higgs/higgsino number density [32]: 



d Th Ty ^ kr^ kn) ( kg ~^ kn) ~^ h, ^ 



(1) 



Here, H and h are number densities associated various combinations of the up- and down-type Higgs 

supermultiplets in the MSSM (defined below); is the corresponding vector current density; Q and 

{B,T) are the number densities of particles in the third generation left- and right-handed quark super- 

ryp> 

multiplets, respectively; the kH,h,Q,T,B are statistical weights; is a CP-violating source; and Th, 
Ty, Ty , and fy are transport coefficients associated with relaxation of Higgs supermultiplet densities 
and their transfer to the baryon sector. Analogous expressions hold for the quark supermultiplet den- 
sities, Q, T, etc. In the SM, the CP-violating source term S~ vanishes, whereas the analogous terms 
Sq rp for quark densities are suppressed by the factors indicated above. In the MSSM, however, 
is generally non-zero and is proportional to the relative phase between /i and the gaugino mass 
parameters, Mi^2- Similarly, the Sqj, depend on both arg(^Mi^2) and the relative phase between /i 
and the triscalar couplings, Af. In general, these terms contain no suppression factors other than the 
CP-violating phases that are constrained by EDM measurements, as discussed below. 

Solving the coupled set of transport equations and the corresponding baryon number diffusion 
equation leads to a simple expression for the baryon-to-entropy ratio, Yb [15]: 

n R 

Yb = — = Fi sin <J)f, + F2 sm{(j)f, + </>^) , (2) 
s 

where we have taken the Mi^2 to be real and have assumed a common phase (pA for the soft breaking 
triscalar couplings. The coefficients Fi depend on the other mass parameters in the MSSM as well 
as on characteristics of the expanding bubbles of broken EW symmetry. The first term in Eq. ^ 
arises from CP-violating processes in the higgsino-gaugino sector, while the second term is generated 
by squark CP-violation. In each case, the the Fi depend roughly on the strength of the CP-violating 
source in a given sector divided by the square root of an average relaxation coefficient as well as on the 
rates for particle diffusion ahead of the bubble wall (Pdifr), sphaleron transitions (Psph), and particle 
density transfer (Py). In the Py — > oo limit, one has roughly 

Corrections to the Py oo limit have recently been investigated in Ref. [32]. 

For fi not too different from either Mi or M2, or for mg close to rn^^, both the CP-violating 
sources [14,28] and the relaxation coefficients [15] can become resonantly-enhanced. The net effect is 
an enhancement of one or the other of the Fi in Eq. 0, thereby allowing effective EWB with smaller 
CP-violating phases. Although there is overall agreement in the literature about the occurrence of 
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the aforementioned resonant enhancement, its precise numerical magnitude is a matter of continued 
investigation. In particular, different treatments of the source terms that enter the quantum transport 
equations lead to some numerical differences. In Ref. [15] - upon which we rely in the present study 
- the sources were computed using the closed time path (CTP) methods, a basis of weak eigenstates 
for the superpartners, and a "mass insertion" approximation that is valid in the domain of relatively 
small and gently varying Higgs vevs. Both the CP-violating sources as well as relaxation terms 
and Higgs-baryon transport coefficients were computed in a self-consistent manner, including various 
leading-order effects not previously included in other studies. The numerical results are similar to 
those obtained by Carena et al., [14,30], who computed the CP-violating sources using the similar CTP 
methods, included higher order contributions in derivatives of the Higgs vevs, but did not compute the 
other transport coefficients within the same framework. In contrast, the authors of Ref. [35] used a basis 
of local mass eigenstates for the CTP computation of the CP-violating sources but a phenomenological 
model for the relaxation rate. These authors find a somewhat smaller baryon asymmetry compared 
to Refs. [14,15,30]. In view of other 0(1) uncertainties in all present baryogenesis computations, we 
do not consider these numerical differences to be significant. 

The resonant effect is phenomenologically disfavored in the squark sector by competing require- 
ments of a strong first order phase transition and precision electroweak measurements. The former 
requires a light stop quark while the latter require the LH stop to be much heavier the the top quark. 
Thus, consistency between MSSM EWB and the small CP-violating phases implied by current EDM 
limits and one-loop MSSM contributions point toward the resonant scenario in the higgsino/gaugino 
sector. 

Here, we analyze the dependence of these resonant processes on the mass parameters in this sector 
of the theory. In doing so, we vary |;u|, Mi^2) and their relative phases while choosing other parameters - 
including heavy Higgses mass scale, the stop mass parameters, and tan /3, the ratio of the MSSM Higgs 
vacuum expectation values - in order to satisfy the requirements of a strong first order EWPT and 
consistency with precision electroweak data [14,26,28-30]. For instance, the heavier stop must be at or 
above the TeV scale, the stop mixing parameter must be sufficiently small {\At — ^/ tan /3| < O.5MQ3), 
and tan/3 must be larger than 5 [26]. Further, in order to avoid unacceptably large contributions to 
the p parameter, the lightest stop must be mostly right-handed. The BAU in the MSSM also depends 
critically on m^, the mass scale of the CP-odd Higgs. In particular, increasing ruA yields a significant 
suppression of the relative variation of the two Higgs fields along the bubble walls, A/3 - a parameter 
upon which the BAU depends linearly [36]. As far as the CP violating (CPV) phases are concerned, 
we consider here only the relative gaugino-higgsino phase (j)^ = Arg(^M2) = Arg(/iAfi) and disregard 
other possible non-trivial CPV phases^. 

The above remarks lead us to consider the MSSM reference scenario summarized in Tab. ^ In 
^The equality of gaugino phases follows from our assumptions on the gaugino spectrum as discussed below. 
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tan/3 




Q3 


At 


rrip 


niA 


10 


90 GeV 


10 TeV 


0.4 m^^ 


10 TeV 


150 GeV; 1 TeV 



Table 1: The MSSM setup under investigation here; rUp refers to the generic soft breaking scalar masses, other 
than those otherwise specified; the other trilinear scalar couplings were set to 0. 

this framework, the resulting lightest stop mass is close to the top mass, and the Higgs mass is 
around 118 GeV. While the Higgs mass can be lowered down to the LEP2 limit without affecting 
significantly any of the quantities of interest here (for instance tuning At), lower lightest stop masses 
would further shrink the available parameter space, forcing the LSP mass to be even lighter (we recall 
that < w.^^); we therefore regard this reference scenario as a conservative one, and the parameter 
space we consider as the virtually maximal one expected in the context of EWB in the MSSM. 

As far as the pattern of soft, SUSY-breaking gaugino masses is concerned, we concentrate on two 
well-motivated choices: 

(1) In the context of gravity-mediated supersymmetry breaking, assuming a trivial gauge kinetic 
function, we consider the standard GUT-scale unification of the gaugino masses to a common 
value M1/2', this choice leads ~ after renormalization group evolution from the GUT scale down 
to the electroweak scale - to the approximate gaugino mass pattern [37] 

Ml : M2 : Ms ~ 1 : 2 : 6 GUT — scale gaugino mass unification. (4) 

(2) Anomaly-mediated supersymmetry breaking contributions may dominate the soft-supersymmetry 
breaking gaugino masses Mi [38,39], yielding the relation 

Mi = ^ my 2, (5) 
9i 

where the symbols gi stand for the gauge couplings, (3g. for the relative one-loop /3-functions, 
and m-^/2 ^^r the gravitino mass. In this case, one has the following mass pattern [37,39]: 

Ml : M2 : M3 ~ 3 : 1 : 8 anomaly mediation. (6) 

In this latter case, the usual hierarchy Mi <^ M2 is inverted, giving rise to a peculiar neu- 
tralino/chargino spectrum featuring - in the limit of large /i - a wino-like LSP with an almost 
degenerate lightest chargino, and, consequently, a very distinctive related phenomenology [39]. 

Since the critical mass parameters in resonant, higgsino/gaugino-dominated EWB are the gaugino 
masses and the higgsino mass term /i, we concentrate on (Mi, /x)-dependence of Yb for GUT-scale 
gaugino mass unified models and the (M2, /u)-dependence for the anomaly mediated gaugino mass 
pattern case. 
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The foregoing parameters also govern supersymmetric contributions to the flavor-changing decays 
b ^ sj and Bg A'^/U" ^ well as the muon anomalous magnetic moment. In the latter two 
cases, the large values of the relevant sfermion masses and the low tan (3 value we use here render 
the supersymmetric contributions completely negligible. The implications of 6 ^ 57 are potentially 
more significant. We have computed the constraints on the parameter space under consideration, 
assuming a maximal CP violating phase (j)^ = 7r/2. We find that the largest contributions typically 
come from the charged Higgs loop diagrams, and are particularly significant at low values of mA_. 
The mA_ = 1000 GeV case is safely within the range allowed by the theoretical uncertainties from the 
SM computation [40] and by the experimental error [41] for the whole range of higgsino and gaugino 
masses under consideration here. Setting niA = 150 GeV, instead, typically gives rise to values very 
close to, or even in excess of, the 2-a upper limit on BR(6 — > 57), depending on how the experimental 
and theoretical errors are combined. Adding the theory and experimental errors in quadrature favors 
values of rriA ^ 200 GeV, while adding them linearly leaves the freedom of allowing values of tjia as 
low as 150 GeV. With the purpose of highlighting extreme options for the EWB scenario, we will here 
consider the niA = 150 GeV case, bearing in mind that this would entail potentially large contributions 
to b ^ 57. 

2.1 EWB and the supersymmetric parameter space 

We begin our numerical analysis by identifying the regions of the MSSM parameter space compatible 
with the value of Yb determined from the cosmic microwave background [20] : 

yJ^^^P = (9.2±1.1) X 10"", WMAP. (7) 

As discussed above, we concentrate on the planes defined by the supersymmetric higgsino mass term 
/i and one of the soft SUSY breaking gaugino masses Mi_2, the other one being fixed by assumptions 
on the mechanism of SUSY breaking. Since a more complicated dependence links Yb and rriA through 
the parameter A/3, we consider the limiting case uia = 150 GeV. Larger values of uia will suppress Yg, 
and the resulting Yb contours can be read from what we show here through a proper m^-dependent 
rescaling factor [36]. As far as the bubble wall parameters are concerned, consistently with the super- 
symmetric parameters choice of Tab.^ we adopt the central values Vw = 0.05 [42] and = 25/T [36], 
and the parameterization of A/3 as a function of uia provided in Ref . [36] . We have made no attempt 
to include a theoretical error bar on the computation of Yb, since various approximations that enter 
the calculation remain to be scrutinized [15,32]. One should, therefore, treat the allowed regions as 
indicative of favored values of the MSSM parameters rather than as airtight limits. 

Fig. ^ shows the Y^ = y^^^^p c^jpyes (where Y^ indicates the theoretically computed BAU) 
on the (Mj,/z) planes, for various values of sm(j)^ at = 150 GeV (the corresponding curves at 
niA = 1 TeV, a value we will use later in our analysis, follow a trivial rescaling by a suppression 
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Figure 1: Regions, on the ^J■) planes, producing the central value for the baryon asymmetry in the Universe 

deduced from the WMAP analysis [20], for various values of the CP-violating phase (pf^, at rriA = 150 GeV. 
In panel (a) we assume gaugino soft breaking masses unification at the GUT scale, leading, at the EW scale, 
to AI2 — 2 All, while in panel (b) we assume an anomaly-mediated inspired gaugino mass pattern, leading to 
Ml ~ 3Af2. The red regions correspond to chargino masses below the LEP2 limit (m^± < 103.5 GeV). 

factor ~ 15 [36]). In panel (a) we assume gaugino mass unification at the GUT scale, while in (b) we 
assume the gaugino spectrum expected in the case of anomaly mediation of SUSY breaking. The red 
(dark grey) regions indicate the (conservative^) LEP2 bound on the lightest chargino mass [43]: points 
within the red-shaded portion of the plots feature m~± < 103.5 GeV. We extend here the range of 
explored parameters beyond the < nit limit, assuming a heavier lightest stop, and contemplating 
the possibility that other, non-minimal mechanisms lead to the required sufficiently strong first order 
EW phase transition [31] (but still assuming that the dominant source for the generation of the baryon 
asymmetry stems from the gaugino/higgsino sector). The curves in Fig. ^lead to several observations: 

(i) As expected, higgsino/gaugino-mediated EWB is consistent with as long as one is close to 

a resonance, i.e. if one of the two gaugino masses is almost degenerate with fi. This leads to 

the double-funnel structure in the plots: the heavier the neutralinos/charginos, the smaller the 

resulting Yb and the closer /i has to be to either Mi or M2. In all cases, we expect a non- negligible 

higgsino-gaugino mixing in the lightest neutralino, which is maximized along the Mi^2 ~ fJ- line, 

^For small mass diflterences between the lightest chargino and the LSP, the chargino mass bound is slightly weaker 
than the value we use here [43]. 
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where Yb is also maximal, particularly in the lower branches, where is degenerate with the 
lighter gaugino mass. 

(ii) The CP-violating higgsino term is effective enough within EWB in the MSSM as long as fi and 
at least one of the gaugino masses are smaller than roughly 1 TeV, conservatively taking into 
account potential effects of 0(1) in the evaluation of Yg. Further, we stress that the values of 
sm(j)^ compatible with a large enough Yg, even on top of the resonance, have to be larger than 

^ 10-2. 

(iii) Not surprisingly, the M2 ~ resonance produces larger values of Yb than the Mi ~ /i case, 
since the bino-higgsino resonance cannot proceed through chargino exchange. Numerically, how- 
ever, we find that the relative magnitudes of the two resonances are not substantially different: 
YsifJ, ~ Ml) /Yb{^ ~ M2) ~ 0.5. This result suggests the possibility that neutralinos alone may 
drive MSSM EWB - a possibility that was not considered in earlier studies and that has impli- 
cations for supersymmetric DM (see below). 

The relative magnitude of the /i ~ M2 and ^ ^ M\ resonant peaks for Yb can be understood 
by referring to Eq. and noting that the strength of the CP-violating sources are governed 
by the gauge couplings and plasma damping rates Fp' ^ for the higgsinos and gauginos that 
resonantly scatter from the spacetime varying Higgs vevs [15]: 

sf_, - 9l X (f| + f|) 

Sf-W - X (Ff + F^) 

so that 

y,,(/z ~ Ml) ^ gl_ 
Yb{h ~ M2) 3gi 

The first factor simply reflects the different number and nature of the gaugino intermediate states 
in the two cases, and is approximately equal to 0.1. The second factor involves the ratio of the 
Higgs- violating rates Th (see Eq. ^): the larger Th, the smaller the resulting baryon asymmetry. 
Numerically this is roughly two. Finally, the third factor involves the ratio of the damping rates of 
higgsinos and gauginos, arising from resonant energy denominators in the expressions of Ref. [15]. 
Using the damping rates calculated in Ref. [44] we find this factor is again approximately two, 
leading to Yb(/U ~ Mi)/Yb{ij- ~ M2) ~ 0.44, which closely approximates what we find in the 
numerical evaluation. 

Before discussing the impact of EDM searches on the scenarios in Fig. ^ we note that extensions 
of the MSSM with enlarged Higgs sectors or additional U(l) symmetries [31] will lead to modifications 
of both the CP-violating sources and relaxation terms entering the computation of Yb- Thus, we 



Fj/(/i ^ M2) 
F^(// ~ Ml) 



^ P + P_ 

rt-f fI 



(8) 
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emphasize that the constraints on the viabihty of supersymmetric EWB discussed here are specific to 
the MSSM. 

2.2 EDM constraints 

A natural consequence of non-CKM CP violating phases in the MSSM, as required by EWB, is the 
generation of possibly large electric dipole moments (EDMs) through loops involving supersymmetric 
particles (for recent reviews, see Refs. [1,2]). In general, the EDMs of different systems, such as charged 
leptons, the neutron, or neutral atoms, carry complementary dependences on the CP-violating phases 
in a given extension of the SM. Consequently, a comparison of results form different EDM searches 
provide a substantially more powerful probe of new CP-violation than the results from any single search 
alone. However, the implications of EDM searches for MSSM EWB are an exception to this general 
statement, since both resonant gaugino-higgsino EWB and the EDM of the electron, dg, depend on a 
single CP-violating phase, (j)^. Consequently, we focus here on constraints imposed by de experiments. 

For values of the sfermion masses ^ 1 TeV, the dominant supersymmetric contributions to the 
EDMs of SM fermions originate from one-loop diagrams involving a sfermion and a supersymmetric 
fermion, such as charginos, neutralinos or gluinos. For larger sfermion masses, contributions from 
two-loop diagrams that contain supersymmetric fermions and Higgs and/or gauge bosons can give 
comparable contributions (see e.g. [18,46]). In the case of the electron EDM, the largest two-loop 
contributions stem from diagrams involving a photon and a Higgs boson a = h,H, A. We also include 
here (i) the subdominant contribution from W'^W~ recently analyzed in [47], giving in the present 
context corrections on the order of the percent, and (ii) the contribution from t-^-a loops [48] (we recall 
that the lightest stop mass is here assumed to be at the top mass scale), which, while subdominant at 
small /i, contributes to the level of a few percent at /x ~ 1 TeV. 

Interestingly, we find that for maximal CPV phases, sin0^ ~ 1, all the supersymmetric parameter 
space compatible with EWB is ruled out by the current experimental limit on ^ 1.9 x 10"^'' e- 
cm (95% C.L.) [45], even in the limit of super-heavy sleptons, due to pure two-loop supersymmetric 
contributions to the electron EDM. In Fig. |21 we show the two-loop EDM constraints in the same 
(Mi^2) A*) planes studied in Fig.^ at various values of and of the CP violating phase (/>^, to illustrate 
that EWB and the electron EDM are in general compatible. The thin black contours correspond to 
different values of de, while the dark blue contours trace the present experimental upper bound. The 
heavy Higgs contributions are greatly enhanced at lower values of rriA — rnn- While both the BAU 
and de are approximately proportional to sinc/)^, the scaling with is highly non-trivial. In general, 
the electron EDM constraint enforces large values for the heavy Higgs boson mass scale in the presence 
of large values of the CP-violating phase (j)^, while at smaller CP violating phases EWB is still viable 
provided uia is sufficiently light. We find that the expected range of values for de from two-loop EDM 
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Figure 2: Iso-level curves of the electron electric dipole moment, on the (A/i^2,m) planes, at various values of 
VTLA and of the CP violating phase (j)f^, in the limit of heavy sfermions. The thick blue lines represent the current 
experimental upper limit [4-5]. We also shade in light blue the 2-a regions corresponding to a WMAP BAU [20]. 
In the two upper panels we take niA ~ 1 TeV and sinc/)^ = 0.5, while in the two lower panels wla = 150 GeV 
and sini^p = 0.1. In panels (a) and (c) we assume gaugino soft breaking masses unification at the GUT scale, 
leading, at the EW scale, to M2 — 2Mi, while in panels (b) and (d) we assume an anomaly-mediated inspired 
gaugino mass pattern, leading to Mi ~ 3 A/2. The red (dark) regions correspond to chargino masses below the 
LEP2 limit (m^± < 103.5 GcV). 

on the supersymmetric parameter space compatible with EWB is, in general, larger than 10~^^ e-cm. 
Since the expected future sensitivity of de searches might be as good as ~ 10~^^ 10"^*^ e-cm [19], one 
could expect observation of a non-zero de if MSSM EWB is indeed the mechanism for the generation 
of the BAU. 

It is interesting to determine the conditions under which the one- and two-loop de contributions 
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Sleptons Mass (GeV) Sleptons Mass (GeV) 

Figure 3: The range of the one-loop electron EDM, as a function of the common slepton mass, obtained varying 
the gaugino soft breaking SUSY masses and the fi parameter on the planes shown in Fig. i.e. between 0.1 
and 1 TeV. We plot the quantity de/sin0^, and show the experimental upper limit for various values o/sin0^, 
including those shown in Fig\^. 

have similar magnitudes and the values of the MSSM for which they can be compatible with present 
experimental limits. To that end, we show in Fig. |21the one-loop electron EDM as a function of the 
slepton mass [49]; we assume all the relevant slepton sector (selectrons and electron sneutrino) to be 
degenerate, and for each given slepton mass we indicate with the grey band the range of variation of 
de/ sm(j)f^ over the planes in Fig. Q We also indicate with horizontal lines the current experimental 
upper limit for various values of sin(/>^, including those shown in Fig. |2 We observe that consistency 
with the current experimental limit forces the slepton masses to lie above 5-10 TeV, with maximal 
CP violating phases. TeV sfermions imply s'm < 0.02, a value which Fig. ^ indicates to be barely 
consistent with EWB. This means that electron EDM constraints and successful MSSM EWB imply 
slepton masses larger than a TeV. 

We also observe that, independently of (f)^, the one- and two-loop contributions become of the 
same order of magnitude for slepton masses around 3-10 TeV. To determine the values of the Higgs, 
gaugino, and slepton mass parameters for which (ie(2-loop)> (ie(l-loop) one may use Figs. 2, 3. For 
example, taking sm(j)^ = 0.1 we observe from Fig. 3 that the one-loop contribution to df, becomes 
smaller than the two-loop contribution for ^ 2 TeV for \fi\, Mi{M2) ~ 100 GeV for the GUT 
(AMSB) gaugino mass hierarchy. From the plots in Fig. 2(c,d) we find that all values of |/i|,Mi^2 lying 
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to the lower left of the dark blue line lead to to de(2-loop) that is larger than the experimental limit 
for siiKpfj^ = 0.1. In this case, only the portions of the funnel lying to the upper right of the dark blue 
curve are compatible with the two-loop EDM limits and the observed BAU. 

The constraints for different values of sin c/)^ or for different experimental limits may be obtained by 
rescaling the curves (horizontal lines) in Fig. 2 (Fig. 3) accordingly. Again to illustrate, for sincj)^ = 0.5 
we obtain from Fig. 3 that de(2-loop> (ie(l-loop) for ^ 4-5 TeV. The corresponding curves in 
Fig. 2(b,c) can be obtained by dividing the current limit on de by ~ 5, leading to the curves labeled 
de = 4 X 10~^^ e-cm. Note that for larger values of sincf)^, the reach of the EWB compatible funnels 
extends further out (see Fig. 1), but in this case (sin c/)^ = 0.5, = 150 GeV), they fall entirely within 
the range of Higgsino and gaugino mass parameters incompatible with the two-loop EDM limits. 

To summarize, we find that (i) the smallest CPV phase compatible with EWB in the present 
setting is sin(/)^ ~ 10^^, (ii) the current two-loop electron EDM constraints rule out MSSM EWB 
with maximal CPV phase, (iii) even with superheavy sleptons, future electron EDM experiments 
feature a sensitivity which will largely cover all the viable MSSM EWB parameter space and (iv) 
two-loop contributions to dominate one-loop contributions for slepton masses larger than a few 
TeV, depending on the values of the heavy Higgs masses. 

3 Dark Matter Implications 

Resonant EWB implies that one of the gaugino masses has to be almost degenerate with the higgsino 
mass parameter /i (see the discussion in Sec. and Fig.^. This entails that either a bino-like or wino- 
like neutralino features a significant degree of gaugino-higgsino mixing. This mixing, in turn, can have 
dramatic consequences for the phenomenology of the lightest supersymmetric particle - particularly 
if the mixed state coincides with the lightest neutralino. 

We give a pictorial sketch of the possible neutralino mass matrix parameters hierarchies giving 
rise to resonant EWB in Fig. 0] the DM sector (red dotted lines) can be decoupled from the sector 
responsible for resonant EWB (case (a)), or the two sectors can overlap (case (b)), giving rise to the 
interesting possibility of a close DM-EWB connection. The two possibilities clearly emerge also from 
a closer look to Fig. ^ where the portions of the (Mi^2)/u) parameter space compatible with the BAU 
split in two branches: in the upper branch the pattern of the neutralino mass matrix parameters is 
given by case (a) in Fig. ^ while in the lower branch the parameters are arranged as in case (b). 

In what follows we discuss the DM phenomenology of MSSM EWB-compatible models. We start in 
Subsec. l3.1l bv analyzing the requirements stemming from the thermal relic abundance of neutralinos. 
In Subsec. 13.21 we outline the prospects of detection of dark matter at direct and indirect search 
experiments, focusing in particular on the detection of the neutralino-induced energetic neutrino flux 
from the Sun, and comparing the detection rates in the case of maximal and null CP violation. 
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Figure 4: ^ sketch of the possible spectral patterns for the parameters entering the neutralino mass matrix ( the 
higgsino mass parameter ^ and the gaugino soft breaking masses Mi^2), in the context of resonant EWB. In case 
(a) the sector relevant for dark matter phenomenology is decoupled from the one responsible for EWB, while in 
case (b) the two sectors are connected: the same fields which drive the resonant EWB non-trivially participate 
in the determination of the dark matter particle mass and composition. 

Lastly, we devote Subsec. VA.IM to an overview of current and future collider searches of MSSM models 
compatible with EWB. 

3.1 Dark Matter relic abundance 

In this Section we assess the consistency of a thermal relic abundance, as predicted in a standard 
neutralino decoupling occurring in the radiation-dominated era of the early universe, with the BAU 
generated through EWB. We compute the relic abundance of neutralinos with a specially customized 
version of the DarkSUSY package [50] that takes into account the effects of the non-vanishing CP- 
violating phase (j)^. Regions of parameter space with a thermal relic abundance larger than the 2-a cold 
dark matter abundance determined by the WMAP collaboration in the context of a ACDM cosmology 
are strongly phenomenologically disfavored. The only viable option for those models would be to dilute 
the abundance of neutralinos through late entropy injection, i.e. through a late "reheating". This 
mechanism, however, is highly constrained by the requirement of preserving the successful predictions 
of the primordial nucleosynthesis of light elements (for a different point of view, see also Ref. [51]). 

If, in contrast, the thermal production of neutralinos in the early universe is insufficient to provide 
all of the cold dark matter content of the universe, various options make those low thermal relic 
abundance models phenomenologically viable. For example, neutralinos could constitute just a fraction 
of the cold dark matter, with other particles making up for the rest; in this case, detection rates 
should be properly rescaled to account for the fraction of dark matter effectively ascribed to the LSPs. 
Alternately, a modified cosmological history of the early universe can also lead to different values of 
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the thermal rehc abundance itself: for instance, if the energy density of the universe at the time of 
neutralino decoupling was dominated by an extra component, be it a quintessential dark energy scalar 
field [52] or the effective energy density associated to a primordial anisotropic shear [53], or a Brans- 
Dicke- Jordan modified cosmological expansion rate [54], the Hubble parameter would have been larger, 
forcing an earlier freeze-out of neutralinos. This, in turn, entails a larger thermal relic abundance, 
with enhancement effects in principle as large as six orders of magnitude [53] . A third option is the 
non-thermal production of neutralinos through the decays of metastable species, with lifetimes larger 
than the time when neutralinos decoupled from the thermal bath in the early universe [55]. 

Here, we will assume that one of the two latter options brought low relic abundance models in 
accord with a scenario where all the CDM is made of neutralinos. We will not, therefore, proceed 
with any rescaling of the detection rates in the case of low thermal relic abundance models. Given a 
thermal relic abundance O^/i^ < r^cDM^^) where ricDM^^ — 0.11, we define a parameter 

which quantifies the relative enhancement factor needed to bring a low relic abundance model into 
accord with the CDM abundance. Equivalently, r/Q can be regarded as the relative number of non- 
thermally versus thermally produced neutralinos: given a low relic abundance model, and assuming 
a mechanism of non-thermal production, a model associated to a certain value of rjQ needs rj^ non- 
thermally produced neutralinos per thermally produced neutralino. 

In this Section we study the regions in the {Ml^2^^J') planes compatible with the EWB generation 
of the BAU and with the relic abundance of neutralinos, including the possibility of a primordial 
enhancement, parameterized with different values of t]^. In Fig. El we study a close-up of the small 
mass region of the planes considered back in Fig. [2l i.e. the {Mi,fj,) (panels (a) and (c)) and (M2,/i) 
(panels (b) and (d)) planes, at tua = 1000 {(a) and (b)) and 150 GeV {(c) and (d)). We shade in 
red and grey, respectively, the regions incompatible with the experimental bounds on the mass of the 
lightest chargino [43], and where the LSP is no longer the lightest neutralino, but rather the lightest, 
right-handed stop (which, we recall, is assumed to have a mass close to the top mass). We shade in 
light blue the regions producing a BAU within the 2-a WMAP range [20] with | sin</)^| = 0.5 {(a) and 
(b)) and 0.1 {(c) and (d)). Finally, regions giving rise to a thermal neutralino relic abundance within 
the WMAP 2-a range [20] are indicated with a green shading. 

Panel (a) in Fig. [S] illustrates the various possible scenarios where neutralinos end up with the 
correct thermal relic abundance in a standard cosmological setup. First, we point out that all these 
cosmologically allowed regions lie in the portion of parameter space where Mi < /i and the neutralino 
is (almost) bino-like: since < nit and mj <^ for other fermions, t- (or n-)channel annihilations 
of binos into SM fermions {xx If) are suppressed, implying inefficient pair annihilations of the 
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Fi gurG 5i A close-up on the relic ahuudaTice of neutTdlino dark uicitter on the (A/i 2,/^) planes. The red 
regions are excluded by the LEP2 chargino mass bound, while in the grey regions the stop becomes the LSP. The 
conventions for the values ofruA, siiK/)^ and for the gaugino soft breaking masses are as in the previous Fig.\^ 
We shade in light green regions of the parameter space where the neutralino thermal relic abundance falls within 
2-a in the CDM abundance range determined by WMAP [20]. We indicate with black curves the contours of 
constant rj^, the number of "extra" neutralinos needed per thermally produced neutralino to bring low thermal 
relic abundance models into accord with the inferred CDM density. 



LSP in the early universe^. When supplementary mechanisms participate in suppressing the bino relic 
abundance, the density of relic neutralinos can give the right CDM density inferred from cosmology, 



■^We recall that the lightest stop does not contribute to this class of diagrams, since the top final state is here 
kinematically forbidden; even if other sfermions were fighter than what we consider here, the s-wave suppression factor 
(mf/m-^)^ of a final fermion-antifermion state would still make these further contributions too small to significantly 
affect the bino relic abundance. 
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unlike the other parameter space regions where the rehc abundance is systematically below the CDM 
abundance. In panels (a) and (c), regions lying above the green shaded strips are excluded because 
of overproduction of thermal relics. 

As alluded, though, various mechanisms can conspire to bring, in special regions of the parameter 
space, the neutralino relic abundance in accord with the CDM abundance. A first region corresponds 
to the thin, almost vertical strip on the left in panels (a) andf'cj, produced by the resonant annihilation 
of almost purely bino-like neutralinos (Mi <^ /i) through the lightest Higgs boson /i, when ~ mh/2, 
in the annihilation mode XX If- The second cosmologically favored region lies in the center of the 
plot, and features a mixed bino-higgsino LSP (Mi ~ ^u). This configuration implies on the one hand 
sizable neutralino annihilation rates into gauge bosons, e.g. through the reaction xX — ^ W^W , 
and, on the other hand, coannihilation processes of the LSP with the (higgsino-like) next-to-lightest 

neutralinos and with the lightest chargino,e.5. xX ~^ ^ W Z, similarly to what happens in the 
focus point region of mSUGRA [56]. Unlike the focus point region, however, in the present scenario 
when the neutralino mass gets closer to the stop mass, coannihilations with the lightest stop [57] 
{e.g. xti — ^ bW) contribute significantly to suppress the neutralino relic abundance down to the 
level of the CDM abundance. This third region corresponds to the almost vertical strips in panels (a) 
a,nd(c) lying close to the grey region where the lightest stop is lighter than the neutralino x- Lastly, 
in panel (c), a region of parameter space at ~ ^T^A/2 = 75 GeV also becomes viable at large /x and 
50 < Ml /GeV < 100 by virtue of resonant annihilations with the heavy Higgses {xX >^ //)■ 

From panels (a) and(c) we deduce that, depending on rriji and on the CPV phases, in the Mi <C M2 
case various regions of the MSSM parameter space can (1) thermally produce the correct neutralino 
relic abundance, and (2) produce the appropriate BAU through resonant MSSM EWB. For instance, 
at large mA, (a), one can satisfy both requirements in the h resonant annihilation region, in the mixed 
bino-higgsino region and in the stop coannihilation region; at small niA, (b), the two conditions are 
fulfilled again in the h resonant annihilation region and in the stop coannihilation region, as well 
as in the parameter space portions corresponding to regions of resonant annihilations through heavy 
Higgses as well. If M2 <C Mi, instead, the thermal relic abundance of neutralinos is always significantly 
smaller than the CDM abundance, by virtue of multiple neutralino/chargino coannihilations and 
efficient annihilation rates into gauge bosons. In all cases, the CDM-allowed and BAU-allowed regions 
corresponds to wino-higgsino driven baryogenesis, whereas the regions corresponding to bino-higgsino 
(pure neutralino) EWB lead to insufficiently large relic densities. 

As outlined above, however, even if the thermal relic abundance of neutralinos lies below the CDM 
abundance, non-thermal mechanisms or modified cosmological scenarios can enhance the final popu- 
lation of neutralinos. It is illustrative, here, to point out the preferred ranges of such enhancements, 
which can, in principle, provide an indication on the nature of the involved non-thermal processes 
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Figure 6: Dark matter detection rates without (a) and with maximal (b) CP violation in the higgsino sector, 
on the (Mi,/i) plane, at tua ~1 TeV. Red and grey regions indicate parameter space portions where the LEP2 
bound on the chargino mass is violated and where the neutralino is not the LSP, respectively. The yellow region 
is excluded by the Super Kamiokande data on the flux of energetic neutrinos from the Sun [58], while the regions 
lying to the right of the blue dashed lines will produce a sizable flux of neutrinos at IceCube [13]. The reach of 
CD MS- II [4] is indicated by a black solid line, while all the viable parameter space shown in the two panels will 
be within reach of next generation ton-sized direct detectors, such as Xenon [8]. The light blue shaded region 
corresponds to values of the super symmetric parameters which generate the desired BA U, according to [20]. 

and constrain the relative phenomenology. To this end, we indicate with black lines the curves at 
constant values of the enhancement factor r/^. Increasing the higgsino nature of the LSP (i.e. moving 
to the lower right portions of each panel) suppresses the LSP relic abundance if Mi <C M2, and the 
required enhancement factors can be as large as ~ 30. The iso- level curves then tend to flatten over 
the m-^ ~ m^^ line (i.e. the grey contour), again due to stop coannihilations. Instead, if M2 <^ Mi 
(panels to the right), an increasing higgsino fraction enhances the final LSP relic abundance, since a 
purely wino-like neutralino/chargino system features larger effective annihilation rates and a reduced 
number of coannihilating degrees of freedom with respect to a mixed or a purely higgsino-like sys- 
tem. In this case, the range of enhancement factors is between 30 and 300. This means, for instance, 
that consistency with EWB requires - in a standard cosmological scenario - that for every thermally 
produced neutralino at least 30 to 300 neutralinos must be non-thermally produced. 



19 



3.2 Dark Matter searches 



The purpose of this Section is two-fold: First, we want to determine if the regions of the MSSM 
parameter space compatible with EWB will produce sizable signals at future dark matter search 
experiments, and if current data already rule out portions of the parameter space; Second, we wish to 
study how dark matter detection rates - particularly indirect detection channels - are affected by the 
occurrence of non-trivial CP-violating phases. 

To this end, we compare in Fig. El the dark matter sensitivity reach in direct and indirect de- 
tection experiments for the CP conserving (a)) and maximally CP violating case (|sin</)^| = 1, (h)), 
in the (Mi,/x) plane, with GUT-scale gaugino mass unification. We resort here to the extreme case 
I sin (f)^\ = lio illustrate the maximal possible effect induced by CP violation on the direct and indirect 
DM detection rates. Also, we pick =1 TeV (smaller values of the heavy Higgs mass scale would 
imply, in general, larger rates). In Fig. [3 instead, we consider an anomaly-mediated gaugino mass 
spectrum, and study the (M2,/u) plane. As in the previous figures, red shading indicates a chargino 
below the direct accelerator search limits, and grey shading implies > m^^. In the panel to the 
right, we also indicate with a light blue shading the parameter space region compatible with the 
WMAP 2-a BAU. 

We consider here the planned sensitivity of forthcoming Stage 2 detectors (namely, the next stage 
of the CDMS-II experiment, [4]) and that of ton-sized. Stage 3 detectors (for definiteness we use the 
planned sensitivity of the Xenon 1-t experiment, [8]). As far as indirect detection is concerned, we 
concentrate on neutrino telescopes detection of the muons produced by charged current interactions of 
neutrinos generated by annihilations of neutralinos gravitationally trapped in the core of the Sun. This 
channel features a very mild dependence on the details of the dark matter halo model, and, unlike an- 
timatter searches, the rates do not depend on the (model-dependent) diffusion mechanisms of charged 
particles in the galaxy. In particular, we study the impact of the results of the SuperKamiokande 
collaboration on the flux of energetic neutrinos from the Sun, Ref . [58] . We also estimate the reach of 
future km^ neutrino telescopes, such as IceCube [13], enforcing a muon energy threshold of 50 GeV, 
and requiring a sizable signal flux, namely 10 events per km^ per year. The reach contours are only 
mildly affected when assuming a larger energy threshold and a lower signal flux. 

In Figs. El and 13 we indicate with a black solid line the reach of the next stage CDMS-II experiment: 
points inside the contours are predicted to give a detectable signal. The sensitivity of ton-sized direct 
detectors will cover the entire panel (a) in Fig. El almost all panel (h) (but a tiny region in the top 
left, already ruled out by chargino searches) and both panels of Fig. Q 

The yellow shaded area is ruled out by the SuperKamiokande data. This is one of the main results 
of the present analysis: a significant portion of the MSSM parameter space compatible with EWB 
is already ruled out by the SuperKamiokande data. The constraints are particularly stringent in 
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Figure 7: Same as in Fig. but on the (M2 , fi) plane. 

the regions where resonant baryogenesis involves the LSP sector, as we outhned above (case (b) in 
Fig. The fi ~ Mi^2 condition maximizes the scalar neutralino scattering cross section off nuclei, 
proportional to the product of the LSP gaugino and higgsino fractions. In this latter case, the BAU- 
viable parameter space is contained within the two lower branches of correct BAU surrounding the 
resonant Mi^2 ~ ^ line (lowering | sm(j)^i\ one is forced to lie closer to the resonance, see Fig. In 
particular, in the M2 <C Mi case almost all of the M2 — region is ruled out by the SuperKamiokande 
bound, enforcing either ~ mj^ ~ rrit and M2 — /U, or close-to-maximal CP violating phases, and 
off-resonance values of M2 and fi. A third possibility is that of neutralino EWB in the upper funnel 
at /.f ~ Ml (upper left corner of the figure). As far as the IceCube reach is concerned, all the EWB- 
compatible parameter space shown in the two figures will give a sizable signal, predicted to be well 
above the level needed to disentangle it from the background. 

We study in greater detail the IceCube reach and the Xenon-It reach in Fig.|HJ where we extend the 
axis ranges to larger values, in order to understand the size of the largest possible neutralino masses that 
could be detected by the two forthcoming experiments with maximal CP violating phase. Assuming 
alternative mechanisms are operative to render the electro-weak phase-transition more strongly first 
order than in the MSSM [31], one can relax the assumption of having a light right-handed stop, and 
hence the inferred limit ruy. < mt on the neutralino mass (which we still indicate for reference in Fig. |H1 
with a grey line). In Fig. IHlwe also use lower values of the heavy Higgs mass rriA, and reproduce the 
2-0" WMAP contours for the BAU, at sinc/)^ = 0.5 and 0.1 in the upper and lower panels respectively. 
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Figure 8: Current exclusion limits from the SuperKamiokande collaboration [58] (yellow shaded region) and 
future sensitivity reach of IceCube [13] and of Xenon- It [8] on the (Afi.2,/i) planes at | sin ~ 0.5 (panels 
(a) and (b)) and 0.1 (panels (c) and (d)j; we also show the contours of maximal neutralino masses compatible 
with a stop as heavy as the top quark (grey lines), and the regions of the parameter space which produce a BAU 
compatible, at the 2-a level, with the WMAP result [20]. The two upper panels refer to a heavy scalar mass 
rriA = 1000 GeV, while the two lower panels employ tua = 150 GeV. 

We still assume here that even within a next-to-minimal setup where the lighter stop does not need to 
be light, the main source of CP violation comes from the gaugino/higgsino sector, and not from other 
sources, plausible in this more general context {e.g. resonant effects in the squark sector). As before, 
the yellow shaded area is excluded by the SuperKamiokande data, and we use, for the assessment 
of the IceCube sensitivity, a muon energy threshold of 50 GeV and a minimal detectable flux of 10 
events per km^ per year. We stress again how the SuperKamiokande results on energetic neutrinos 
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from the Sun strongly constrain the supersymmetric parameter space compatible with resonant EWB 
BAU (see in particular panel (d)). 

We notice that in the pure higgsino limit (^u <^ Mi. 2), where the x^x^Z coupling is large, and 
where the spin-dependent neutralino-nucleon scattering cross section is therefore sizable, the IceCube 
reach extends to neutralino masses even heavier than 1 TeV. In addition, for 2 • ~ niA = 1000 
GeV the neutrino telescope rates are suppressed, even though the pair annihilation cross section is 
greatly enhanced by the heavy Higgses resonances. This situation follows from the fact that over 
most of the parameter space we consider, neutralino annihilations and captures in the core of the 
Sun are in equilibrium: an increase in the pair annihilation cross section does not lead to an increase 
in the annihilation rate inside the Sun, which in equilibrium only depends upon the capture rate. 
Rather, on top of the resonance, the branching fraction into neutrinos is suppressed with respect to 
the off-resonance case, therefore yielding a reduced neutrino flux and the consequent suppression of the 
neutrino telescope rates. The Xenon-It reach covers essentially all of the BAU-compatible parameter 
space; in the planes shown in Fig.|Hl only the purely bino-like regions (where the neutralino-neutralino- 
Higgs couplings are suppressed), at large tua, will be beyond the sensitivity of ton-size detectors^: 
panels (b), (c) and (d) will be fully within the Xenon-It reach. 

Comparing the IceCube and the Xenon-It reach contours with the regions consistent with EWB, we 
infer that, in the (M2, /Li) plane, (panels (h) and (d)), the IceCube and the Xenon-It future sensitivities 
extend over the whole BAU-compatible parameter space, both in the EWB-DM connection branch and 
in the EWB-DM disconnected branch. In the (Mi, ^u) plane, panels (a) and (c), instead, IceCube will be 
sensitive to the whole EWB-DM connection branch, while the M2 ~ /i regions, with a mostly bino-like 
LSP, will likely give sizable signals, but, in general, may be beyond reach. However, those regions will 
be fully explored by forthcoming ton-sized direct detection experiments. We therefore conclude that 
under general assumptions about the MSSM parameter space, neutrino telescopes will be a powerful 
probe of supersymmetric dark matter if electro- weak baryogenesis is the mechanism of generation of the 
BAU, unlike the generic situation in the MSSM, where neutrino fluxes from neutralino annihilations 
in the Sun can be significantly suppressed [59]. Further, future direct detection experiments will be 
able to probe most, if not all, of the resonant EWB-compatible parameter space, even if the LSPs do 
not participate directly in the dominant baryogenesis mechanism. 

A conspicuous feature of the direct versus indirect detection reach contours shown in Fig. IHl and 
13 is that increasing the CP violating phase (/>^ from to 7r/2 leads to smaller direct detection rates 
and larger rates at neutrino telescopes. In order to quantify this statement and to understand the 
underlying physical reasons, we assessed that the largest contributions to the spin-independent and 
spin-dependent neutralino-nucleon scattering cross sections that respectively correspond, at large niA, 
to the t-channel lightest Higgs h and Z exchange. In turn, the most important diagrams will depend 
*We stress, though, that those regions wiU hardly produce the right BAU through resonant MSSM EWB. 
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Figure 9: The variation of the neutralino-neutralino-Higgs/Z boson couplings squared, respectively relevant for 
the scalar and axial scattering rate of neutralinos off matter, for Mi = fi = 200 GeV, M2 = 400 GeV (black 
lines) and M2 = ^ = 200 GeV, Mi = 600 GeV (red lines). 

upon the square of the x-X-h and X'X-^ couphngs. We study the variation of these two quantities 
with (p^ in Fig. 121 for two representative MSSM parameter space points, the first at Mi = fi = 200 
GeV, M2 = 400 GeV (black Hues) and M2 = n = 200 GeV, Mi = 600 GeV (red hnes)^ The net effect 
of increasing the phase (pf^ is therefore to enhance the spin-dependent neutrahno-nucleon scattering 
cross section, and to suppress the spin-independent cross section, as expected. We also notice that 
the case of maximal CP violating phases, sini;^^ = 1, interpolates, in both cases, between the rates 
expected, in the CP conserving case, with /_f > and /.t < 0. 

3.3 Collider searches: overview 

In addition to EDM and DM searches, present and future collider experiments will probe the parameter 
space relevant to resonant MSSM EWB. Here, we summarize the corresponding sensitivity of studies 
at the Tevatron, LHC, and ILC [60]. In Fig.^Jwe sketch the plausible reach contours for the Tevatron, 
the LHC, and for a 0.5 TeV center-of-mass energy e~'"e~ linear collider, assuming GUT-scale gaugino 
unification (M2 — 2 • Mi), a light right-handed stop, 'm^_^ ~ mt, and = 1 TeV. The red and grey 
shadings are as in the previous figures. The arrows point to the regions of parameter space which will 
be within reach. 

For the Tevatron, we assume an integrated luminosity of 4 fb~^. It was shown in Ref. [61] that 
light stops can be optimally searched for in two stop decay channels: 

^We multiplied the x~X~^ couplings squared by a factor 10 for illustrative purposes. 
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Figure 10: A qualitative overview of next generation colliders reaches on the (A/i,/i) plane, at tua = 1000 
GeV and sin^^ = 0.5. The color code for the shadings is the same as in the previous figures, and details on the 
sensitivity lines are given in the text. 

i) If the stop is heavier than the hghtest chargino, the dominant stop decay is ti bxf , and the 
most promising signature is a &-jet, an isolated lepton, a jet and missing transverse energy [61]. 
In this case, however, the reach of Tevatron with 4 fb~^ of integrated luminosity only extends 
up to a chargino mass of around 100 GeV, for stop masses of interest here, and therefore the 
resulting parameter space sensitivity only covers models which are already ruled out by the LEP2 
bound on the chargino mass. 

ii) On the other hand, if the stop is lighter than the lightest chargino, then the stop will dominantly 
decay into the LSP and a c-quark (either trough loop-suppressed diagrams or at tree level through 
t-c mixing). In this case, the expected signal is two acolinear charm jets and missing transverse 
energy. The corresponding Tevatron reach, at stop masses close to the top mass extends to 
neutralino masses as large as 110 GeV, provided m^^ — > 30 GeV. 

In Fig. 1101 the Tevatron reach contour is bounded to the left by the requirement that mr > m~+, 

''1 Xi 

and to the right by the requirement of a sufficiently light neutralino. Assuming the mass of lightest 
stop to be close to the top quark mass, the neutralino-stop mass difference constraint is always fulfilled. 
The Tevatron sensitivity is therefore confined here to a bino-like lightest neutralino, which can be ~ in 
some models - compatible with a WMAP neutralino thermal relic abundance, and which also partly 
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overlaps the M2 ~ fJ- resonant EWB funnel. 

At the LHC, limitations due to background levels and detector thresholds will make searches for 
a light stop extremely hard, even though the expected number of signal events is by far larger than 
at the Tevatron. Although exhaustive dedicated analysis has not yet been carried out, a promising 
signature of a light-stop scenario at the LHC appears to be that of same-sign top quarks [62] (see 
also [60]). If gluinos are light enough to be abundantly produced, they will prominently decay into 
top-stop pairs; pair-produced gluinos will then give rise, in almost half the cases, to same-sign top 
events (gg — > t^t tit). Letting the top quarks decay into bW (and the W subsequently decaying 
leptonically) and the stops into cx, then leads to a significantly distinctive signature: two same-sign b 
quarks, two same sign leptons, jets and missing transverse energy. However, if the chargino is lighter 
than the stop, the latter will dominantly decay into bxf rather than cx, losing the same-sign top 
quarks information. In Fig. ^1 we give the LHC reach in this channel labeling it as "LHC, stop", and 
referring to the largest possible gluino mass which this channel can probe according to Ref. [62]. In 
the region at smaller fi below the lower end of the line, and at values of Mi < 80 GeV (left-most 
orange "Tevatron" curve) the chargino becomes lighter than the stop, and the discussed channel is no 
longer effective. 

Besides searches for a light stop, the LHC will abundantly produce not only gluinos, but charginos 
and neutralinos as well. The corresponding LHC phenomenology was recently addressed in a similar 
setting, namely, the focus point region of minimal supergravity [63]. Here, however, the gluino cascade 
decay channels - in the presence of a light stop - would be significantly different, even though, as in 
the focus point region, all other scalars are very heavy, since the gluino would largely decay into the 
lightest stop rather than in neutralinos/charginos. An alternative search channel analyzed in Ref. [63] 
is the clean trilepton signature originating from the decays of the pair xt X2 following the reactions 
X^ — > IVx and X2 ~^ ^^X- In this channel the LHC reach will extend up to Mi < 220 GeV, where a 
sufficiently large flux of supersymmetric particles can be produced, provided the mass splitting between 
the two decaying particles and the LSP is large enough (roughly, "^~± — rriy. > 40 GeV). In Fig. llOl we 
indicate the contours where the two above mentioned conditions (light enough charginos/neutralinos 
and large enough mass splitting) are both matched. 

Finally, the reach of a future international linear collider (ILC) in the light-stop scenario has been 
recently addressed in Ref. [64]. Even with a moderate integrated luminosity, say 10 fb~^, the discovery 
reach of a y/s = 500 GeV ILC for production of light stops decaying into cx extends up to very small 
neutralino-stop mass splittings, and a very precise determination of superpartner masses and mixing 
angles has been shown to be feasible [64]. This channel, however, implies a lighter chargino heavier 
than the lightest stop, and hence is possible in the left part of Fig. (roughly out to the left-most 
"Tevatron" curve). In the higgsino-like LSP region (bottom right), the stop would decay into bxf , a 
channel that has not yet been studied for the ILC but that could also give distinct signatures. For 
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definiteness, we show in Fig. the contours at m^^ — = 10 GeV. Further, charginos and heavier 
neutrahnos would be abundantly produced in that region, and one can expect that the ILC energy 
will be close to the lightest chargino mass threshold (m~± < Since the mass splitting between 

the chargino and the LSP can be very small in the pure higgsino LSP region, we show a conservative 
prospective reach contour for a 500 GeV ILC in Fig. extending it to chargino masses as heavy as 
only 225 GeV. 

In the case of an anomaly mediation gaugino spectrum, stops will always decay into charginos and 
b quarks, a channel lying beyond the Tevatron reach. We expect a collider reach for the LHC very 
similar to that discussed in the framework of the minimal anomaly mediated supersymmetry breaking 
scenarios in Ref. [65]. For the ILC, on the other hand, we estimate a reach relatively close to the 
kinematic thresholds in the chargino and stop pair production channels. 

Our summary of the collider capabilities in regions of the MSSM compatible with resonant EWB 
shows a high degree of complementarity between hadron colliders and an ILC. We illustrate this 
showing the BAU-compatible regions with a light-blue shading, for |sin(/)^| = 0.5 (smaller phases 
would produce contours contained inside those we show (see Fig. while larger phases would be, in 
general, in conflict with the electron EDM (see Fig. IS}). The bino-like region of the parameter space 
can be probed at the Tevatron, in a very narrow corner of parameter space; the LHC might detect 
light stops, again in the bino-like region only, in the same-sign top channel, and the trilepton signature 
will cover almost the entire region where the /i ~ M2 resonance lies. If instead nature lives in the lower 
Ml ~ /X resonance corresponding to neutralino-driven EWB, then the discovery of superpartners at the 
LHC could be extremely challenging, but even a 500 GeV ILC would abundantly produce charginos 
and stops, and allow for detailed studies of the superpartners' properties. 

4 Conclusions 

In this work, we have analyzed the implications of existing and future EDM and DM searches for the 
viability of EWB in the MSSM. We have concentrated on scenarios of resonant - or nearly resonant 
- EWB, for which the requirements on the CP violating phases are least demanding and the EDM 
results least constraining. These scenarios correspond to the supersymmetric higgsino mass parameter 
H having magnitude close to that of either of the soft, electroweak gaugino masses, Mi ^2- The presence 
of these resonant effects leads to a characteristic "double funnel" contour in the fi-Mi planes corre- 
sponding to the regions consistent with the observed baryon asymmetry. In particular, we note that 
for ~ Ml, resonant EWB is driven entirely by neutrahnos, and that this scenario is presently not 
ruled out by other experiments. In models of SUSY-breaking mediation that incorporate GUT-scale 
gaugino mass unification, one of these neutrahnos can also be the LSP. On the other hand, for n ~ M2, 
both charginos and neutrahnos contribute to Yb, and only in AMSB-type models with M2 < Mi can 
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one of these neutralinos also be the LSP. 

For either case, the mass parameters fi and Mi should lie in the sub-TeV domain in order to produce 
a sufficiently large BAU, and - modulo remaining uncertainties in Yb calculations - the minimal value 
of I sin for successful EWB is 10"^. Additional constraints are imposed by the results of EDM and 
DM searches. In the case of EDMs, results for the electron lead to the most stringent constraints^. 
Consequently, we compared the one- and two-loop de constraints on the MSSM parameter space 
compatible with resonant EWB. We showed that one- and two-loop effects are comparable when the 
slepton masses lie in the range 3-10 TeV, and that consistency with EWB requires the slepton masses 
to be larger than a TeV. Moreover, in portions of the MSSM parameter space consistent with the 
observed BAU, two-loop effects constrain the CP violating phase (p^ to be smaller than its maximal 
value; we expect these contributions to be larger than 10~^^ e-cm, and therefore accessible to future 
experimental scrutiny. 

When analyzing the implications for neutralino DM, we find that in the regions wherein the LSP 
contributes to resonant EWB, the DM particle is a largely mixed gaugino-higgsino state. Assuming 
Ml <C M2, we showed that there exist portions of the parameter space in which the observed Yb 
can be resonantly produced and the observed LSP relic abundance can arise from thermal production. 
However, in order to have neutralino-driven EWB, additional, non-thermal production or cosmological 
enhancement mechanisms must be invoked. In contrast, for M2 <^ Mi, then thermal neutralinos are 
always under-produced by factors ranging from 30 to ~ 300, so that they must always undergo a 
cosmological enhancement or must be supplemented with a non-thermally produced population. 

In regions of the MSSM parameter space for which the LSP participates in resonant EWB, we 
expect production of large fluxes of energetic solar neutrinos induced by the capture and annihila- 
tion of neutralinos in the Sun. The absence of evidence for such neutrinos in data collected by the 
SuperKamiokande collaboration leads to strong constraints on these regions of the MSSM parameter 
space. Future km^ neutrino telescopes will likely be sensitive to the flux of neutrinos from the Sun 
expected from most of EWB-compatible MSSM models where the source of CP violation resides in the 
gaugino/higgsino sector, even relaxing the requirement of a light stop and assuming that other mech- 
anisms ~ such as extended Higgs sectors - induce a sufficiently strong first-order EW phase transition. 
We also showed that the EWB scenario will be largely testable at future ton-sized direct detection 
experiments, and studied the dependence of both neutrino telescope rates and direct detection rates 
on the CP violating phase. 

Finally, future collider experiments will provide additional probes of the parameter space relevant 
to EWB, with a considerable degree of complementarity between the LHC and ILC reaches. In 
particular, the LHC is expected to cover most of the EWB parameter space if the LSP does not 
contribute to resonant EWB, whereas the ILC will be able to probe EWB-DM connected scenarios as 
®A feature that does not hold in general for other models of new CP-violation. 
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